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ABSTRACT 
Future aerospace vehic les must wi thstand h igh temperatures and be able t o  
func t i on  over a wide temperature range. 
developed f o r  use i n  designing high-temperature l i g h t w e i g h t  s t ructures.  
t o  the d i f f e rence  between c o e f f i c i e n t s  o f  thermal expansion f o r  the new com- 
p o s i t e  mater ia ls  and conventional high-temperature metal1 i c  .fasteners, innova- 
t i v e  j o i n i n g  techniques are needed t o  produce t i g h t  j o i n t s  at a l l  temperatures 
w i thout  excessive thermal stresses. A thermal-s t ress- f ree fas ten ing  technique 
i s  presented tha t  can be used t o  prov ide s t r u c t u r a l l y  t i g h t  j o i n t s  at a l l  tem- 
peratures even when the fastener  and jo ined  mater ia ls  have d i f f e r e n t  c o e f f i c i -  
ents o f  thermal expansion. The d e r i v a t i o n  o f  thermal-s t ress- f ree fasteners and 
j o i n t  shapes i s  presented f o r  a wide v a r i e t y  of fastener  ma te r ia l s  and mate- 
r i a l s  being jo ined together. Approximations t o  the  thermal-stress-free shapes 
t h a t  r e s u l t  i n  j o i n t s  w i t h  low-thermal-stresses and t h a t  s i m p l i f y  the fasten- 
e r / j o i n t  shape are discussed. The low-thermal-stress fastener  concept i s  ver- 
i f i e d  by thermal and shear t e s t s  i n  j o i n t s  using oxide-dispersion-strengthened 
a l l o y  fasteners i n  carbon-carbon mater ia l .  The t e s t  r e s u l t s  show no evidence 
o f  thermal s t ress damage f o r  temperatures up t o  2000'F and the r e s u l t i n g  
j o i n t s  c a r r i e d  shear loads at room temperature t y p i c a l  o f  those f o r  conven- 
t i o n a l  j o i n t s .  
New composite mater ia ls  are be ing 
Due 
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INTRODUCTION 
Future Berospace vehicles must withstand h i g h  temperatures and be able t o  
funct-ion over a wide temperature range. 
developed for use i n  designing high-temperature lightweight structures. 
of the h i g h  temperature structural composite materials have coefficients of 
thermal expansion (CTE) t h a t  are considerably different from those of h i g h -  
temperature metallic fasteners. T h u s ,  conventional high-temperature metal 
fasteners and fastening techniques do not provide structurally t i g h t  joints 
for the complete use temperature range without introducing severe thermal 
stresses t h a t  can result i n  premature failure. The, difficulties i n  designing 
a t i g h t  structural j o i n t  for a l l  temperatures are illustrated by the accom- 
panying sketch and table. If the fastener material has a higher CTE t h a n  the 
material joined. together, a standard cylindrical fastener which is snug a t  
room temperature w i  11 produce h i g h  thermal stresses a t  elevated temperatures. 
If  sufficient radial  clearance is provided at room temperature t o  reduce the 
thermal stress a t  elevated temperature, the fastener will be loose i n  the rad- 
ial  direction at room temperature and loose i n  the axial direction a t  elevated 
temperatures. An ax ia l ly  snug j o i n t  at  elevated temperature can be achieved 
by providing h i g h  clamping pre-stresses i n  the j o i n t  at room temperature b u t  
the h i g h  pre-stresses may be detrimental t o  the j o i n t .  Thus, new j o i n i n g  
techniques are needed for the high-temperature composite materials. 
N e w  composite materials are being 
Many 
A thermal-stress-free fastener concept has been developed at the Langley 
Research Center that  can be used t o  provide structurally t i g h t  j o i n t s  at a l l  
temperatures even when the fastener and joined materials have different 
coefficients of thermal expansion. The derivation o f  thermal-stress-free fasteners 
and j o i n t  shapes i s  presented herein for many combinations of fastener 
material and joined material. Approximations t o  the thermal-stress-free 
shapes that result i n  joints with low-thermal-stresses and t h a t  simplify the 
fastenerJjoint shape are discussed. 
also presented from an ongoing experimental program t o  verify a 
1 ow-thermal -stress j o i n t  concept which consists of oxygen-di spers ion- 
strengthened (ODS) a1 loy fasteners i n  carbon-carbon material. 
Results of thermal and shear tests are 
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PROBLEM AREAS FOR CONVENTIONAL JOINTS 
IN HIGH-TEMPERATURE APPLICATIONS 
Fastener coefficienk.of-i3.lermal 
expawion greater than that for 
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THERMAL-STRESS-FREE METAL FASTENER 
CONCEPT FOR HIGH-TEMPERATURE JOINTS 
The thermal-s t ress- f ree fas tener  concept (Ref. 1) i s  i l l u s t r a t e d  by t he  
sketch. A t y p i c a l  high-temperature j o i n t  w i t h  a metal fastener  j o i n i n g  
ma te r ia l  with a d i f f e r e n t  CTE i s  shown. The m e t a l l i c  components o f  the j o i n t  
cons i s t  o f  a con ica l  fastener,  washer, and nut.  The remaining components o f  
the j o i n t  cons is t  o f  two p la tes  and a washer made o f  the  mater ia l  being j o i n e d  
together.  The th ickness o f  the washer made from the  same mate r ia l  as the 
p la tes  i s  determined so t h a t  t h e  o r i g i n  (apex) o f  the  con ica l  fastener i s  
loca ted  at  the  ou ter  plane o f  the washer as shown. The inner  diameter o f  the 
washer must have a c learance fit w i t h  the shank o f  the fastener i f  the CTE o f  
t he  fastener  i s  greater  than the  CTE o f  the  ma te r ia l  being jo ined.  The 
clearance i s  determined by the d i f f e rence  between the  c o e f f i c i e n t s  of thermal 
expansion between the  two mate r ia l s  and the  temperature extremes for which the 
j o i n t  i s  designed. Because the metal fastener  and the composite mater ia l  
have a d i f f e r e n t  CTE, heat ing  or  coo l ing  the  j o i n t  resu l ts .  i n  d i f f e r e n t  
amounts o f  expansion f o r  the two 'mater ia ls .  However, i f  the  fastener ma te r ia l  
and the ma te r ia l  being j o i n e d  both have an i s o t r o p i c  CTE, r e l a t i v e  expansion 
or con t rac t i on  between the fastener  and the ma te r ia l  t'akes place on r a d i a l  
l i n e s  p r o j e c t i n g  from the  o r i g i n  o f  the con ica l  fastener. Thus, the expansion 
or con t rac t i on  does not r e s u l t  i n  t i g h t e n i n g  o r  loosening o f  the  j o i n t  and 
does not in t roduce thermal stresses i n t o  the  mater ia l .  
High- temperature 
metal fastener---, 
Material to be joined with 
coefficient-of -thermal 
expansion different from 
fastener 
Hex nut 
0 Joint is thermal-stress-free if fastener and material being 
have isotropic coefficients-of-themd expansion 
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THERMAL EXPANSION OF THERMAL-STRESS-FREE CONCEPT 
Thermal expansion re1 a t i v e  t o  the o r i g i n  f o r  the thermal-s t ress- f ree con- 
cept i s  i l l u s t r a t e d  i n  the two sketches. The dashed l i n e s  show an exaqgerated 
view o f  the expanded shapes assuming t h a t  the  fastener  has a h igher  CTE than 
the j o ined  ma te r ia l .  The la rge r  expansion o f  the fas tener  i s  evident.  For 
the j o i n t  with i s o t r o p i c  CTE (sketch on l e f t ) ,  the thermal expansion does not 
r e s u l t  i n  any i n te r fe rence  or c learance between the  fastener  and the j o ined  
ma te r ia l  and does not have thermal stresses or become loose a t  the  h igh  temp- 
eratures.  However, f o r  the j o i n t  w i t h  the j o ined  ma te r ia l  having a non-iso- 
t r o p i c  CTE (sketch on r i g h t ) ,  there i s  an in te r fe rence zone due t o  a reduc t ion  
i n  the cone angle f o r  the j o ined  ma te r ia l .  The change i n  cone angle i s  due t o  
the inp lane CTE being smal ler  than the  CTE throuqh-the-thickness f o r  the 
j o ined  mater ia l .  (An inp lane CTE l a rge r  than the CTE through-the-thickness 
would r e s u l t  i n  an increase i n  cone angle and the re fo re  a loose f i t  at h igh  
temperatures.) Thus, f o r  ma te r ia l s  tha t  do not have an i s o t r o p i c  CTE, t he  
con ica l  fastener  con f igu ra t i on  reduces but does not e l im ina te  the thermal 
stresses. Since many o f  the high-temperature composite mater ia ls  do not have 
i s o t r o p i c  CTE, a thermal -s t ress- f ree  fastener  con f igu ra t i on  i s  needed tha t  i s  
app l i cab le  t o  ma te r ia l s  tha t  have d i f f e r e n t  CTE i n  the inp lane and through the 
th ickness d i r e c t i o n s  ( s p e c i a l l y  o r tho t rop i c  ma te r ia l s ) .  
Isotmpic CTE Non-Isotropic CTE 
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DERIVATION OF THERMAL-STRESS-FREE BOUNDARY 
A general description of the shape of the thermal-stress-free boundary 
between the fastener material and the joined material is desired i n  which both 
materials have these specially orthotropic character is t ics .  Derivation of the 
desired thermal-stress-free boundary between the two materials requires an 
interface along which the t,wo materials will remain i n  contact without inter-  
ference or separation as temperature changes, The boundary between the two 
materials is i l lus t ra ted  i n  the sketch and is given by y=f(x) a t  the in i t i a l  
temperature. The desired boundary is shaped so that,  as the temperature is  
increased or decreased, p o i n t s  located on the boundary a t  the in i t i a l  tempera- 
ture may move relat ive to  each other b u t  must remain on a common boundary for 
a l l  temperatures. The boundary may change shape w i t h  a change i n  temperature, 
as shown, bu t  a l l  points of both materials i n i t i a l l y  on the boundary will  
remain on the boundary. Such a boundary can be found i f  the following assump- 
tions are made: the CTE i s  constant w i t h  temperature and location for both 
materials; the temperature is uniform in both materials; and there is no f r i c -  
t i o n  along the boundary. 
discussed i n  reference 2. 
Derivation of the thermal-stress-free boundary is 
I 
Boundary &=To Boundary , at To + AT 
Assumptions 
nstant with temperatu 
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THERMAL-STRESS-FREE BOUNDARIES 
A family of thermal-stress-free boundaries exis ts  and is aiven by the 
equation shown, where c is an arbitrary constant and p is the r a t i o  of the 
differences between the CTE for the two materials i n  the through-the-thickness 
and the inplane direction. The value of c, although arbitrary for defining a 
family of thermal-stress-free boundaries, is determined by the fastener diame- 
ter and washer thickness when deriving a specific fastener shape. The family 
of ‘thermal-stress-free boundaries is shown i n  the figure. 
the different boundaries i s  determined by the relationship between the CTE of 
the two materials as defined by p. Each of the thermal-stress-free boundaries 
shown i s  derived i n  two dimensions b u t  i f  the inplane CTE of each material i s  
independent of direction, then the boundary can be rotated about an ax is  t o  
produce axisymmetric thermal-stress-free fasteners. Note that for p=l,  which 
would result  for j o i n t s  i n v o l v i n g  different isotropic materials, the thermal- 
stress-free boundary i s  a straight l ine which resul ts  i n  a conical fastener. 
Thus ,  the in i t i a l  conical fastener concept discussed previously is a subset of 
the thermal-stress-free boundaries given above. 
The curvature of 
“yl  -“y2 
“X I  -“e 
y=cxp ; where p =  
Y 
kigi 
00 1 
X 
1 
0 
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TYPICAL THERMAL-STRESS-FREE FASFTENER CONFIGURATIONS 
Typical thermal-stress-free fastener conf igurat ions which u t i 1  i z e  the 
derived thermal-stress-free boundaries are shown i n  the f igure.  The fastener 
conf igurat ions shown f o r  p greater than zero appear p rac t i ca l  t o  use f o r  mak- 
ing conventional j o i n t s .  For p between 0 and 1, the fastener has a concave 
shape; whereas, f o r  p,greater than 1 i t  has a convex shape. As pointed out 
previously, a value o f  p equal t o  1 r e s u l t s  i n  a con ica l l y  shaped fastener. 
Note that  If the diameter o f  the c y l i n d r i c a l  po r t i on  o f  the fastener i s  main- 
tained f i x e d  as shown, the washer thickness var ies widely depending on the 
value o f  p. A clearance between the washer and the shank o f  the fastener must 
be maintained at a l l  temperatures t o  avoid thermal stresses. For values o f  p 
less than zero, the thermal-stress-free boundaries do not r e s u l t  i n  a conven- 
t i o n a l  j o i n t  conf igurat ion.  The sketch shows one possible thermal-stress-free 
conf igurat ion f o r  the. case where p i s  less than zero. The conf igurat ion shown 
i s  rather i n e f f i c i e n t  as the j o i n t  shear load would have t o  be ca r r i ed  i n  
bending o f  the fastener. However, the j o i n t  i s  thermal-stress-free and may be 
the only j o i n t  conf igurat ion possible f o r  ce r ta in  combinations o f  materials. 
An example o f  high-temperature mater ia ls that  would requi re such a fastener i s  
graphite/polyimide ( G r / P I )  mater ia ls being jo ined together by a high-tempera- 
t u r e  metal fastener. The negative value of p i s  due t o  the di f ference i n  in-  
plane and through-the-thickness CTE f o r  G r / P I  being large and the CTE f o r  the 
fastener being between the two values f o r  G r / P I .  Most other high-temperature 
composite mater ia ls and metal fastener combinations have p o s i t i v e  values o f  p 
which r e s u l t  i n  more p rac t i ca l  thermal-stress-free configurations. 
Thermal-stress-free boundary 
p = l  
o< pcl.0 . 
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EFFECT OF DESIGN PARAMETERS W AND R ON FASTENER PROPORTIONS 
The thermal -stress-free boundary f o r  a p a r t i c u l a r  fastener conf igurat ion 
i s  determined by the constant c and by the r e l a t i v e  values of the CTE f o r  the 
fastener and the mater ia ls jo ined together, 
two design parameters --the washer thickness W and the radius r o f  the c y l i n -  
d r i c a l  por t ion o f  the fastener by the re la t i onsh ip  c = W/RP. The e f fec t  o f  
changes i n  these two parameters on the fastener and j o i n t  conf igurat ion i s  
shown i n  the f i g u r e  f o r  a typic.al combination o f  mater ia ls (p=constant), The 
basel ine fastener conf igurat ion i s  shown i n  the sketch i n  the center o f  the 
f igure.  Increasing the radius o f  the fastener whi le keeping the washer t h i c k -  
ness constant (decreasing c) r e s u l t s  i n  a fastener with a much larger head as 
shown i n  the sketch i n  the upper left-hand corner o f  the f igure.  Increasing 
the washer thickness and keeping the radius constant ( increasing 'c) r e s u l t s  i n  
a fastener wi th a much smaller head as shown i n  the sketch i n  the lower r i g h t -  
hand corner o f  the f igure.  Changing both the radius and the washer thickness 
resu l t s  i n  a wide va r ia t i on  o f  possible fastener conf igurat ions and gives the 
designer a wide range o f  choices i n  determining the desired fastener j o i n t  
conf i gur at  i on. 
The constant c i s  determined from 
I 
Fastener 
size 
15R, VV 
Baseline 
p =constant 
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THERMAL - ST RE SS- FRE E FASTENER FOR CARBON - CARBON MATER I AL 
A thermal-stress-free fastener design f o r  an ODS a l l o y  fastener j o i n i n g  
two pieces o f  carbon-carbon mater ia l  together i s  shown i n  the sketch, Each 
p la te  of  carbon-carbon mater ia l  i s  0.15-inch t h i c k  and the diameter of  the 
shank o f  the fastener i s  0.25 inch. The thermal-stress-free boundary i s  the 
curved s o l i d  l i n e  indicated on the sketch. A r e l a t i v e l y  t h i c k  carbon-carbon 
washer i s  required t o  proper ly pos i t i on  the o r ig in .  o f  the thermal-stress-free 
boundary. 
Due t o  the d i f f i c u l t y  o f  machining a fastener w i th  the curved thermal- 
stress-free shape, i t  i s  desirable t o  s i m p l i f y  the shape as much as possible 
without destroying the low-thermal-stress propert ies o f  the j o i n t .  The curved 
shape can be approximated by a s t ra igh t  l i n e  as shown which resu l t s  i n  a coni- 
c a l l y  shaped fastener and hole. For the fastener conf igurat ion shown, the 
s t ra igh t  l i n e  approximation r e s u l t s  i n  a maximum deviat ion o f  0.005 inch from 
the curved thermal-stress-free boundary and thus should s t i l l  r e s u l t  i n  a 
low-thermal-stress j o i n t .  Note that t o  approximate the thermal-stress-free 
fastener conf igurat ion w i th  a conical fastener, the washer thickness i s  deter- 
mined by the o r i g i n  of  the thermal-stress-free boundary and not that  o f  the 
o r i g i n  of  the cone. The loca t i on  o f  the o r i g i n  o f  the conical fastener i s  
o f f s e t  inside the f ree  surface o f  the washer as shown. Thus, by simply o f f -  
se t t i ng  the or ig in ,  conical fasteners, which are considerably less expensive 
t o  machine and much easier t o  apply than curved thermal-stress-free fasteners, 
can probably be used f o r  many other combinations o f  mater ia ls and s t i l l  qive 
j o i n t s  that  have low-thermal-stresses when heated or cooled. A thermal stress 
analysis i s  needed t o  invest igate the stresses introduced by making the coni- 
cal approximation f o r  various combinations o f  mater ia ls.  
7-1 ODs alloy fastener. 
.1’5 inches I ! 
.15 inches I 1 k 
Conical approximation to 
1.12 I 
inches 
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CARBON-CARBON LOW-THERMAL-STRESS CONICAL FASTENtR TEST PROGRAM 
The t e s t  program consis ted o f  thermal-cycle t e s t s  and shear load tes ts .  
One specimen was subjected t o  a thermal cyc le  w i t h  no mechanical loading, t e n  
specimens were tes ted  t o  f a i l u r e  i n  shear at room temperature, and the  o ther  
specimen was subjected t o  both a thermal-cyc le  t e s t  and a shear - to - fa i l u re  
t e s t  a t  room temperature. The specimens were assembled w i t h  the  fasteners 
torqued t o  5 i n - l b s  f o r  each t e s t .  
o f  mercury pressure f o r  12 hours and then heat ing  t o  2000°F and ho ld ing  a t  
t h a t  temperature f o r  one hour i n  an o x i d i z i n g  atmosphere. The atmospheric 
pressure f o r  the  specimen was g radua l l y  increased from 0.005 mn t o  27 mn o f  
mercury dur ing  heatup o f  the  specimen and was maintained at  t h a t  pressure f o r  
t h e  remainder o f  the  t e s t .  The specimen was then cooled and inspected f o r  
cracks or v i sua l  sur face damage. Ne i ther  o f  t he  the rma l l y  cyc led specimens 
showed any evidence o f  damage.or c rack ing  as a r e s u l t  o f  thermal stresses. 
Although the j o i n t s  were not checked t o  determine i f  they maintained contac t  
a t  the  h igh  temperatures, the behavior o f  the fas teners  appears t o  be as 
expected . 
The thermal ' t e s t s  consis ted o f  d ry ing  the specimen at  250°F and 0.005 mm 
0 THERMAL CYCLE 
020000 F FOR ONE HOUR 
0.04 ATMOSPHERE PRESSURE 
SHEAR LOAD TESTS 
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SHEAR TEST SETUP FOR CARBON-CARBON LOW-THERMAL-STRESS JOINTS 
For the shear tes ts ,  attachment brackets were b o l t e d  t o  each carbon-car- 
bon sheet as shown i n  the sketch. The t e s t  specimen assembly was mounted i n  a 
hyd rau l i c  un iversa l  t e s t  machine and loaded i n  tens ion t o  f a i l u r e  at  a 
constant displacement r a t e  o f  0.05 in./minute. The tens ion  load appl ied a 
l i n e a r  shear load through the  center o f  the row of fasteners and f a i l e d  the 
specimens i n  shear. The t e s t s  were conducted at ambient temperature and 
pressure. Load was recorded as a func t i on  of crosshead displacement using an 
X-Y recorder.  
THERMAL-STRESS- 
FREE FASTENER 
LOAD ATTACHMENT BRACKET 
/- TEST SPEC'MEN 
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T Y P I C A L  SHEAR F A I L U R E  WDE FOR CARBON-CARBON 
LOW-THERMAL-STRESS J O I N T  
A typical  shear failure mode for the specimens is  shown i n  the figure. 
Joint  failure results i n  bulging of the carbon-carbon material near the 
conical bol t  head and under the carbon-carbon washer, rotat ion of the 
fasteners, and cracking of the carbon-carbon washer. 
CROSS SECTION OF HERMAL-STRESS JOINTS 
The shear specimens all failed fn the same manner, 
of a typical failed joint is shown in the photographs, 
thought to occur as follows: 
indicated by the arrow thus allowing fastener rotation and localized shear 
crippling failure to occur at the bearing failure points. Additional loading 
causes the failed zone to propagate circumferentially around the fastener and 
a1on.g a line from the bearing failure point to the free edge of the plate. 
Observation o f  the test indicates that the maximum strength o f  the joint is 
obtained approximately when the shear failure reaches the surface as indicated 
by a bulging o f  the carbon-carbon material near the head of the fastener and 
under the carbon-carbon washer. The displacement o f  the material under the 
washer applies a moment to the carbon-carbon washer until it cracks. 
cross -sect i on v i ew 
Joint failure is 
bearing failure occurs at the locations 
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SHEAR STRENGTH OF CARBON-CARBON LOW-THERMAL-STRESS JOINTS 
Relat ive shear strengths f o r  the specimens are shown i n  the f i q u r e  as a 
funct ion o f  the number o f  p l i e s  i n  the p l a t e  subject t o  the highest bearinq 
stress ( th inner p l a t e  i n  each case). The s o l i d  l i n e  i s  a predicted bearing 
f a i l u r e  strength based on bearing u l t imate strength obtained from c y l i n d r i c a l  
b o l t  bearing tests.  The bearing f a i l u r e  c r i t e r i a  are reasonably accurate t o  
predic t  the f a i l u r e  loads. For the th icker  j o i n t s ,  the bearing f a i l u r e  c r i t e -  
r i a  p r e d i c t  f a i l u r e  loads s l i g h t l y  higher than those obtained experiment- 
ally. Cross-section cuts through the center o f  the j o i n t  d i d  not show any 
s i g n i f i c a n t  d i f ference i n  f a i l u r e  modes f o r  the d i f f e r e n t  thickness speci- 
mens. The good agreement wi th  the bearing f a i l u r e  c r i t e r i a  and the observed 
f a i l u r e  modes ind icates t h a t  the low-thermal-stress j o i n t s  have f a i l u r e  modes 
and strengths s im i la r  t o  conventional j o i n t s .  One o f  the specimens that was 
thermal ly cycled was also tested t o  f a i l u r e  in .  shear at  room temperature and 
i s  shown on the f i g u r e  by the t r i a n g l e  symbol. Thermal cyc l i ng  the j o i n t  d i d  
not have a s i g n i f i c a n t  e f f e c t  on the j o i n t  strength nor on the f a i l u r e  mode. 
0 Shear test only 
AThermal cyde and shear test 
/I Predicted 
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SUMMARY 
Future aerospace vehicles must w i t h s t a n d  h i g h  temperatures and be able t o  
function over a wide temperature range. New materials are being developed for 
use i n  designing high-temperature lightweight structures.  Due t o  the differ-  
ences i n  coefficients of thermal expansion for the new materials and conven- 
tional h i g h  temperature metallic fasteners, innovative j o i n i n g  techniques are 
needed t o  produce t i g h t  jo ints  a t  a l l  temperatures w i t h o u t  excessive thermal 
stresses.  The thermal-stress-free fastening technique presented here can be 
used t o  provide s t ructural ly  t i g h t  jo ints  at all  temperatures even when the 
fastener and joined materials have different coefficients o f  thermal expan- 
sion. The derivation o f  thermal-stress-free fasteners and jo in t  shapes i s  pre- 
sented for many combinations of fastener material and material being joined 
together. Approximations t o  the thermal-stress-free shapes t h a t  simp1 i fy  the 
fastener/joint  shape and t h a t  s h o u l d  resul t  i n  jo in ts  w i t h  low-thermal- 
stresses are discussed. The low-thermal-stress fastener concept is verified 
by thermal and shear t e s t s  i n  jo ints  using ODs alloy fasteners i n  carbon-car- 
bon material. The t e s t  results show no evidence of thermal s t ress  damage for 
temperatures up t o  2000°F and the resulting jo in ts  carried shear loads at room 
temperature typical of those for conventional jo in ts .  S ta t ic  fa i lure  
strengths for the low-thermal-stress joints  are predictable u s i n g  bearing 
fa i lure  strengths and the fa i lure  modes are typical of those for conventional 
fasteners. 
0 Thermal -stress -free fastener concept presented 
0 Fastener configuration determined by analysis 
0 Conical approximation t o  thermal -stress - f ree fastener shape 
Conical concept verified by thermal and shear tests 
Static fa i lure strength of jo ints us ing conical fastener predictable 
wi th offset or ig in  may be adequate for many materials 
us ing bearing fa i lure strength 
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